Introduction 1
The wire drawing process is used in manufacturing at all scales, ranging 2 from several centimetres to a few microns. The growing production of micro 3 components has increased the demand for micro wires (< 10µm), which is an This leads to a requirement for additional energy to deform the material in 28 the presence of large plastic strain gradients. This effect will create an ap-29 parent increase in yield stress as-well as additional hardening of the material.
30
To accommodate these issues, and develop a numerical model capable of handling this complex behaviour, the material model must represent the 32 field quantities over the full range of length scales involved. In the present 33 study, the higher order elastic-viscoplastic theory suggested by Fleck and 34 Willis (2009) is employed. Here, the concept of higher order stresses, work-35 conjugate to the strain gradients, is adopted to increase the size range for 36 which the material model is valid.
37
Neglecting grain and microstructure effects, the wire drawing process is a 38 continuous process, making it ideal for a steady-state framework. Thus, the 
52
The developed model will be exploited to quantify the effect of strain 53 gradients related to the most favourable tool geometry. During these studies 54 both the effect of the dissipative and energetic length parameters are inves-55 tigated (see e.g. Nielsen (2015) and Nielsen et al. (2016) for similar studies 56 on steady-state rolling).
57
In the following sections, the basis for the model will be presented in
Parametrization of the Wire Drawing Process

68
The diameter of the undeformed wire is 2R m and the reduced diameter 69 after passing the tool is 2r m (see Fig. 1 ). The tool consists of two linear 70 parts (tool flanks) and a circular part (tool nose) of radius t r . The linear 71 and circular part of the tool is connected in the transition point, t p , which 72 is the point where the flank is tangent to the circle. For an increasing tool 73 nose radius, t r , the transitions points will move up, and ultimately they for small reductions). The total strain, ε ij , is determined from the displace-97 ments, such that ε ij = (u i,j + u j,i )/2 which can be decomposed into an elastic Section 3.1).
Here, q ij is the micro-stress, σ ij is the Cauchy stress, s ij is the deviatoric 104 stress, and τ ijk is the higher order stress. 
where σ C is the gradient enhanced effective stress andĖ p is the gradient 121 enhanced effective plastic strain rate. In the present study, these take a 122 quadratic from and read 123 124
where L D is the dissipative length parameter introduced for dimensional 125 consistency.
126
In conventional plasticity, plastic dissipation is assumed to be related to given by:
where Ψ G accounts for the free energy associated with the GNDs. The 135 conventional stresses are determined though the elastic relationship, and L E is the energetic length parameter.
142
The current model is based on the power-law relation for the viscoplastic 143 behaviour presented in Eq. (5).
Here, N is the strain hardening exponent, m is the strain rate hardening 
192
In the adopted material model, the displacement field and plastic strain 
The plastic strain gradient rate field is formulated as shown in Eq. 
The stationary solution is determined from the two minimum principles The implementation of the minimum principles follows the procedure sug- 228 229
For a more detailed overview of the algorithm see e.g. Nielsen et al. (2012) . 
As the displacements, u i , are relative to a frame translating with the inlet 238 velocity of the wire, the total strains can be defined as ε ij = (u i,j + u j,i )/2.
239
In the first iteration on the displacement field, the tool geometry is in-240 troduced in the model as prescribed displacements in the radial direction.
241
This ensures that the nodes are allowed only to slide along the rigid tool 242 surface.
Step one and two in the solution scheme creates a stress/strain field 243 which is feed into the streamline integration handling the constitutive rela- Mises stresses, the effect of the friction coefficient, and the optimization of 267 tool geometry.
268
In Figs. 2 and 3 wire drawing process). For wire drawing at large scales (Fig. 2) , a concen-
282
tration of large plastic strains is observed after the material has left the tool.
283
The concentration is largest just below the surface and decreases towards the 284 core of the wire. This is expected as the material from the surface region 285 is flowing towards the core when the diameter is reduced. On the contrary,
286
the magnitude of the plastic strains is a factor of 2 lower after the tool at 287 the smallest scale (Fig. 3) , while the plastic strains are of similar magnitude sired reduction in the smallest scale considered (Fig. 3) . The results in Fig. 2 297 for small length parameter confirms this difference as the reduction after the 298 tool corresponds approximately to the lowest point on the tool (actually the 299 radius is slightly smaller due to the elastic stretching of the material when 300 the drawing force is applied).
301
An important consequence of the significant spring back, at small scales, is 302 the necessity to compensate for the effect when designing the tool in order to 303 achieve the desired diameter of the wire. In the present study, compensation as previously discussed (again, more energy is needed).
329
A similar analysis for the sharp tool, but with an energetic length pa-330 rameter added to the material (L E /R m = 0.1), is presented in Fig. 4b the round tool (Fig. 5) , with those for the sharp tool (Fig. 4) , no significant 347 differences are observed. Hence, the drawing force mostly depends on the 348 material parameters and reduction ratio, and only little on the tool geometry.
349
To investigate the rather small effect of the tool geometry further, two 
369
Conducting a similar investigation but now accounting for an energetic 370 contribution (Fig. 6b ), shows only a limited effect on the level of the draw- 
395
A similar analysis is presented in Fig. 8 as previously found, the energy associated with the wire drawing process is 438 only affected slightly by the tool nose radius, t r -with a slight reduction 439 in drawing force as the tool is rounded (t r increased). Thus, by choosing a 440 particular tool shape, the peak pressure can be minimized without increasing 441 the energy associated with the wire drawing process. 
472
• The contact force profile is affected significantly by the tool geometry.
473
For a sharp tool, the peak pressure is located at the outlet, whereas for a 31
